Cyclic β-cyano ketones like cyanocarvone and 3-cyano-2-methylcyclopentanone can be annelated in high yields with methyl vinyl ketone, ethyl vinyl ketone and 6(3-methoxyphenyl)hex-1-en-3-one to cyano-substituted decalones and indanones. Computational studies at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p) level of theory show that thermodynamic rather than kinetic factors can explain the high yields. The annelated products are suitable intermediates for the synthesis of isoprenoid, steroid and homo steroid skeletons.
Introduction
Robinson annelation of cycloalkanone enolates is an established procedure for the synthesis of functionalized polycyclic compounds. The yields in these annelations with simple alkyl vinyl ketones vary from 30% to 85%, dependent on the stability against polymerization of the enone, the steric requirements of the cycloalkanone and the use of protic or aprotic reaction conditions. Usually the yields and the stereoselectivity drop dramatically when higher substituted cycloalkanones have to be annelated. A good solution for this problem has been found by using Lewis acid catalysed Michael type additions 1 .
In the past also good results have been obtained in annelations with cycloalkanones bearing electron withdrawing α substituents like formyl, ester or cyano, or with cyclic β-diketones. When a functionalized angular substitutent is present in the (natural) product that has to be synthesized, annelations of α-cyano ketones give good results 2 . The α-cyano group enhances the acidity of the α proton considerably with a minimum of extra steric hindrance. Also possible sidereactions, which may occur by condensation reactions with the α-formyl or ester groups, are not observed that the starting β-cyano ketones usually can be obtained easily by 1,4-addition of cyanide to the corresponding α,β-unsaturated ketones. We now like to report on our results with the annelation of the cyclic β-cyano ketones 6 and 7 with some useful enones like 8, 9 and 10 (Scheme 1), leading to cyano-substituted decalones and indanones, which have potential as intermediate for the synthesis of polycyclic isoprenoid, steroid and D-homo steroid skeletons. 
Results and Discussion
The annelation of cyanocarvone 6 with methyl vinyl ketone 8 under protic conditions using NaOCH 3 in CH 3 OH, proceeds in a high 90% yield to a pure crystalline ketol 11. This ketol can be dehydrated in over 90 % yield to the corresponding enone 13. When a similar reaction of cyanocarvone was tried with ethyl vinyl ketone 9, the addition of methanol to the enone was observed as the main reaction and only little ketol was obtained. A much better 74% yield of ketol 12 could be achieved under aprotic conditions with KOtBu in diethyl ether (Scheme 2). This is a high yield for a β-substituted ketone and comparable with yields obtained in the annelation of β-unsubstituted ketones 8 and β-diketones. A good and convenient synthesis of 14 is important in total syntheses of natural products where a methyl group and a different α-substitutent are present at C4. Monomethylation of 13 is difficult to tune, 9 in a typical experiment a mixture of 10% of 14, 40% of the dimethylated product and 40% of starting material 13 was obtained.
11
The enantioselective synthesis of D-homo steroid skeletons from cyanocarvone 6 may become possible when this compound could be annelated with 6(3-methoxyphenyl)hex-1en-3-one 10. This enone was synthesized according to the method of Smith et al. 12 , and a reaction with cyanocarvone indeed could be achieved again under aprotic conditions with KOtBu in diethyl ether, giving one ketol 15 in a good 76% yield (Scheme 3). Dehydration of ketol 15 with p-TsOH in toluene did not give the expected result, and enone 17 was isolated in only 21% yield, together with 19% of the starting ketol 15 and a small amount (2%) of product 17 in which also ring B was closed. A fair yield of compound 17 could be obtained in a one pot reaction using HClO 4 in AcOH, 13 which gave this D-homo steroid compound as the only product. This compound proved to be rather unstable, probably because of oxidation to aromatic compounds, and after purification only a 35 % yield of reasonably pure 17 was isolated.
3-cyano-2-methylpentanones 7 in 85% yield, which could be purified by bulb to bulb distillation. The reaction of this mixture of isomers with methyl vinyl ketone was performed using NaOMe as base and gave a mixture of stereoisomers of diketone 18 and ketol 20 in high yield. This mixture was used without purification in the next dehydration reaction with p-TsOH in toluene, and after a reaction time of 2 h the known enone 22 was obtained in 75% overall yield as a racemate of a single product, which according to the literature is the ß-cyano compound 5 .
O R The racemic mixture of 3-cyano-2-methylcyclopentenones 7 was also reacted with ethyl vinyl ketone with KOtBu in ether at 0 o C, giving a complex mixture of ketols 21 and enones 23.
Under these aprotic strongly basic conditions, none of the diketones 19 could be detected, because cyclisation and even partly dehydration take place under these reaction conditions. The mixture of 21 and 23 was used in the next step without purification and complete dehydration could be accomplished again by using p-TsOH in refluxing toluene. A 2:1 mixture of the racemates of two isomers of 23 was obtained in 70% overall yield, which could be separated by column chromatography on silica gel. It was assumed that also in this case the β-cyano compound was obtained as the major isomer. The relatively high yields in the annelations of the β-cyano ketones is related to the ease and selectivity of formation of the anions formed after deprotonation. Computational studies at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p) level of theory 14 show that the presence of a β-cyano moiety yields a relatively more stable anion. In comparison with a β-methyl or a β-hydrogen moiety this stabilization is around 12-13 kcal/mol, and this difference is not significantly influenced by the nature of the α-substituent (hydrogen or methyl). This ease of formation of the anions also improves the selectivity of the anion formation. In ketones with a β-methyl group both α-sites of the carbonyl group are about equally easy to deprotonate, which thus yields a mixture of anions and an overall decrease of selectivity in products. However, in the presence of a β-cyano group the α-site in between the carbonyl and β-cyano moiety is so much easier to deprotonate than the other α-site, that effectively only one anion will be formed, with a concomitant increase of the selectivity and yield of desired products. The extra stabilization of the anion by the β-cyano group is not reflected in the charge distribution of the anions. The natural population charges of the formally negatively charged α-carbon atom, which could have been a measure of reactivity differences between the anions of the β-cyano and β-methyl compounds, are identical within 0.01 electron. Thermodynamic rather than kinetic factors thus can explain the higher yields in annelations of β-cyano ketones.
Experimental Section
General Procedures. Cis-and trans-2-methyl-3-oxo-1-cyclopentanecarbonitrile 7 15 A solution of 3.76 g (57.7 mmol) of potassium cyanide in 9 ml of water was added dropwise to a stirred solution of 4.00 g (41.6 mmol) of 2-methyl-2-cyclopenten-1-one in 24 ml of ethanol at 0-5°C. Then 2.72 ml (41.6 mmol) of glacial AcOH was added in 2 h. The reaction mixture was stirred for 2 h at 0-5°C and then diluted with water. This mixture was extracted with ethyl acetate (3x), and the organic solution was washed with water (2x) and brine and dried over MgSO 4 . Then the solvent was evaporated to give 4.34 g (85 %) of crude 7, which was used for the next transformation without further purification. A small portion was purified by bulb-to bulb distillation for analytical purpose and gave a mixture of cis-and trans-7, of which the spectroscopic data were in accordance with the literature. 
4a-Hydroxy-3-isopropenyl-5-[2-(3-methoxy-phenyl)-ethyl]-8a-methyl-6-oxo-decahydronaphthalene-1-carbonitrile (15).
To a stirred solution of 0.584 g (3.3 mmol) of cyanocarvone 6 and 1.02 g (5.0 mmol) of 6(3-methoxyphenyl)hex-1-en-3-one (10) in 20 ml of dry diethyl ether, 0.403 g (3.6 mmol) of potassium tert-butoxide was added at 0 °C. The reaction mixture was stirred at 0 °C for 2.5 h, and then quenched with 1 M HCl. The organic layer was washed with water and brine, dried over MgSO 4 and the solvent was evaporated. The remaining residue was flash chromatographed on silica gel with PE/EtOAc (1:3 3-Isopropenyl-5-[2-(3-methoxy-phenyl)-ethyl]-8a-methyl-6-oxo-1,2,3,4,6,7,8,8a-octahydronaphthalene-1-carbonitrile (16) . To a stirred solution of 381 mg (1 mmol) of hydroxyketone 15 in 30 ml of benzene at reflux temperature, 55 mg of p-TsOH was added in five portions. The reaction mixture was refluxed for 12 h using a Dean-Stark apparatus. Then the reaction mixture was washed with a saturated aqueous sodium bicarbonate solution and water, dried over MgSO 4 and the solvent was evaporated. The remaining residue was flash chromatographed on silica gel with PE /EtOAc/pyridine (70:30:1) to give 72 mg (19 %) of unconverted 15, 76 mg (21 %) of enone 16 and 6 mg (2 %) of 17 (vide infra) as pale yellow oils. Isopropenyl-8-methoxy-12a-methyl-1,2,3,4,4a,5,6,11,12 ,12a-decahydro-chrysene-1-carbonitrile (17). To a stirred solution of 381 mg (1 mmol) of hydroxyketone 15 in acetic acid (8 mL) was added 0.077 ml (0.9 mmol) of 70 % HClO 4 at 15°C. The mixture was stirred for 2 h at 15°C, and then for 2.5 h at 30 °C. The now purple solution was diluted with water and extracted with ethyl acetate. The combined organic layers were washed with a saturated sodium bicarbonate solution, brine, dried over MgSO 4 and the solvent was evaporated. The remaining residue was flash chromatographed on silica gel with PE/EtOAc/pyridine (15: To a stirred solution of the crude mixture of annulation products 21 in 50 mL of toluene at reflux temperature, 200 mg of p-TsOH was added in two portions. The reaction mixture was refluxed for 4 h in a Dean-Stark apparatus. The reaction mixture was diluted with toluene, washed with a saturated aqueous sodium bicarbonate solution and water, dried over MgSO 4 and the solvent was evaporated to give 3.86 g of crude 23. The further work up was performed in two ways:
A small portion of crude 23 was purified by bulb-to-bulb distillation to give 0.41 g (2.61 mmol) (14 %) of two isomers of 23. This mixture of isomers was flash chromatographed on silica gel with PE/EtOAc/pyridine (70:30:1) to give: 0.17 g (0.90 mmol) (6 %) of the first eluted isomer, 0.10 g (3.5%) of mixture of both isomers of 23 and 0.028 g of (0.14 mmol) (0.9 %) of the second eluted isomer.
The rest of the crude 23 was purified by flash chromatography as described above without bulb-to-bulb distillation to give: 1.093 g (5.8 mmol) (39 %) of the first eluted isomer, probably the ß-cyano compound and 0.61 g (21 %) of second eluted isomer, probably the α-cyano compound. The total yield of both isomers was 2.00 g (70 %).
